In this study, a low temperature reforming system with power of 12V/150W has been utilized on an internal combustion engine of motor. The engine is an electronic fuel injection motorcycle engine with 4-stroke air-cooled 125cc cylinder. Mixtures of unleaded gasoline with atomized methanol water were used as fuel for the study. The low temperature reforming system included a supersonic atomization device, plasma generator, and controlling devices. The reforming system is capable of generating 34 vol% hydrogen syngas with operating temperatures below 42 . The engine was tested in 4000, 5000, and 6000 rpm with throttle opening of 20%, 30%, 40% and 50%, respectively. Results show that the torque increases with using the low temperature reforming system for 14%, 17.89% and 21.92% with respect to rotational speed of 4000, 5000, and 6000 rpm. It is also found that the emission of CO and HC decreases with using the low temperature reforming system, especially for higher rotational speed. However, NOx emission increases due to increasing temperature in the engine.
Introduction
Due to the needs of fossil fuels for energy throughout the world, energy related issues are more and more important such as the storage of crude oil, renewable energy technology, and combustion technology etc. The usage of fossil fuel emits pollutants resulting in critical environmental problems [1] . Because of the rise of fuel usage especially in transport applications, the reduction of air pollution from combustion devices is an increasingly serious concern worldwide. Spark ignition (SI) and diesel engines for various vehicles have been shown to be a major source of air pollution in cities [2] .
Hydrogen has been considered as the most promising renewable energy source for the future, because it meets the increasingly stringent emission regulations without production of greenhouse gas emissions. The development of effective procedures for operating SI engines on some alternative gaseous fuels under optimized operating conditions represents an effective contribution towards reducing further engine-out emissions. Some investigators found that hydrogen production with a reformer would be an inexpensive alternative and the attachment of a hydrogen tank is not necessary. In order to produce syngas with enriched hydrogen, methanol is being used as the fuel for reformers. Then hydrogen from syngas is purified using a catalyst and transferred to the fuel cell [3] . Other researchers have even attempted to combine a reformer and an internal combustion engine [4] , using petrol as the major fuel, mixed with hydrogen gas produced by the reformer for hybrid combustion to power the engine. This hybrid approach not only can increase the thermal efficiency of the engine, but also can reduce fuel consumption and emissions of exhaust gases such as HC, CO and NOx [5] .
To use a reformer for hydrogen production, it is necessary to consider the following criteria: fuel type, content of hydrogen in syngas, operating temperature and cold start time. According to the criteria, it is appropriate to choose methanol and methane as fuel in the reformer due to low content in carbon and cost [6, 7] . Liquid methanol is safer and easier to handle during transport than vapor methane. In a hydrogen production process, liquid methanol needs a lower operating temperature and a shorter cold start time in a reformer comparing with that of methane [8] . Moreover, methanol has a relative mass which is close to pure water. It can easily dissolve in water and exhibits no stratification. It was reported that a mixture of 16.7 mass% pure water and 83.3 mass% methanol not only improved methanol conversion to hydrogen production, this mixture also increased the reaction rate of a reformer and reduced the cold start time [9] .
In this paper, a low temperature plasma reformer system related to the method of atomization, dissociation has been built for hydrogen production with low operating temperature, in aiming of increasing hydrogen production. The syngas is then delivered into an SI engine for combustion. The emission and power production by the SI engine is investigated, in order to build an applicable and inexpensive reformer for engines in use.
Experimental setup
In the reforming system, methanol water solution is used for hydrogen production. There are three parts for the system: a supersonic atomizer, a low temperature plasma generator, and a storage tank. The setup of the reforming system used in this study is shown in Figure 1 . The total power supply input was approximately 12V/150W. The fuel was a liquid mixture of 83.3 mass% methanol and 16.7 mass% distilled water. In Fig. 1 , part 1 shows the high frequency supersonic oscillation system with power consumption of approximate 35W, part 2 shows the low temperature plasma generator with power consumption of 60 to 84W, and part 3 shows the gas storage system with power consumption of 20W. The detailed descriptions of the equipment are described in ref. [10] .
In the high frequency supersonic oscillation system, a self-built oscillator was used for atomization which consisted of 5 oscillator chips. The operational frequency of the oscillator was 1.6 to 1.7MHz with a power input of 25W. The air was first introduced by an air pump from atmosphere upstream of the air flow proportion valve. A portion of the air was mixed with the atomized CH 3 OH-H 2 O mixture. In the reforming system, methanol and water were not the only reactants; air was part of the reaction during atomization and fuel dissociation. Hence, the plasma dissociation equation is as below: 2.6CH 3 OH+0.92H 2 O+0.3O 2 +1.13N 2 → 6.02H 2 + 1.52CO 2 +1.08CO+1.13N 2 (1)
There are 6 spark plugs and 3 ground electrodes installed in 3 different locations on the pipe for the low temperature plasma generator to produce high density plasma. Each location was a distance of 50mm from the next location as shown. Each location consisted of two spark plugs and a ground electrode. Each spark plug equips with an ignition coil, a high voltage wire, and a high-voltage capacitor. The model of the spark plugs used was NGK-BP8ES. This ignition coil is a commercial product with the primary coil of 12V/0.6Ω and secondary coil of 12V/0.65kΩ. The high-voltage capacitor is parallel connected to the spark plug with specification of 40kV-500pF. This combination enhanced the voltage of the spark plug and reduced the duration of ignition. The spark plugs with the capacitors and ground electrode were placed at an angle of 120 to each other on the pipe wall. The gap between the plug tips and electrode was 8mm. This setting formed a powerful high density plasma reactor on the circular pipe wall, ensuring that the atomized fuel mixture could be completely dissociated into syngas with enriched H 2 gas. This low temperature plasma generator had an operating frequency of 300Hz with a power consumption of 60 to 84W, producing high plasma at 11.3kV within a short spark time approximately 0.7ms. The syngas from the storage tank is then delivered into an SI engine for experiment. The engine, which is made from Sanyang industry Co., Ltd. (SYM) by the production of R1 125cc EFi electronic fuel injection engine, is operated with G95 unleaded gasoline (referred to as G95) and G95 unleaded gasoline mixed fuel and the hydrogen-rich gas (referred to as the G95+S) for comparison. Its compression ratio is 11.3 with maximum torque of 0.93kg.m/7000rpm and maximum power of 11.3PS/8000rpm. The engine speeds are set at the engine speed of 4000, 5000, and 6000 rpm, and the load is set to throttle opening of 20%, 30%, 40%, and 50% for test conditions.
Results and Discussions
In present study, the reformer was primarily designed to produce H 2 gas for auxiliary hybrid combustion inside a petrol engine in motor vehicles. The experimental performance of the reforming system is shown in Fig. 2 . It is observed that the operating temperature of the plasma generator, H 2 concentration in the syngas and CH 3 OH-H 2 O consumption increased proportionally as the air supply increased from 0LPM to 20LPM. A dramatic increase in operating temperature, H 2 concentration and CH 3 OH-H 2 O consumption as the air supply reached 25LPM. A further increase in the air supply to 30LPM elevated the operating temperature of the plasma generator to approximately 63 C, whereas the increase in H 2 concentration in the syngas and CH 3 OH-H 2 O consumption was negligible. However, as the air supply increased from 30LPM to 33LPM, the operating temperature of the plasma generator did not increase, instead it decreased below 42 C, while the H 2 concentration in the syngas and CH 3 OH-H 2 O consumption increased to approximately 34.2 vol% and 33cc/min respectively. When the air supply increased from 33LPM to 40LPM, the operating temperature of the plasma generator increased again to 59 C, while H 2 concentration and CH 3 OH-H 2 O consumption decreased. Therefore, it was concluded that the reforming system in this study could generate a maximum concentration of 34.2 vol% H 2 in the syngas when air supply was 33LPM and the operating temperature of the reformer was below 42 C. A gas chromatography analyzer (Agilent-6890N-GC) is used to analyze the syngas composition of the reformer. The result is presented in Fig. 3 . It is noted that CO: 9.36 vol%, CO 2 :6.34 vol%, H 2 :34.22 vol%, O 2 :3.46 vol%, N 2 :45.74 vol%, and CH 4 :0.83 vol%. Fig. 2 The relationships between air mass supply, operating temperature of the low temperature plasma system, methanol-water consumption and hydrogen concentration in the syngas. The effect of syngas mixture on the engine torque output is presented in Fig. 4 . It is seen that the increase of torque is also increased as the engine speed increases. It is also noted the torque increases as gasoline mixed with syngas for various operating conditions. The averaged value of each output torque for the rotational speed at 4000rpm, 5000rpm, and 6000rpm with syngas mixture increase approximately 14%, 17.89%, and 21.92%, respectively, compared with that without syngas. The torque increases with hydrogen containing mixture, especially for higher engine speed. This is due to hydrogen combustion in wide range of air-fuel ratio with high combustion velocity in the engine. Figure 5 shows the emission of the engine with and without syngas for various operating conditions. The emission of HC concentration in Fig. 5(a) is high for low throttle opening and low engine speed. It then decreases as throttle opening and engine speed increase. For all engine operating conditions, it is depicted that the HC concentration for engine burnt with gasoline mixed with syngas is lower than those with gasoline only. The HC concentration difference between engine with gasoline only and engine with gasoline mixed with syngas is insignificant with low engine speed. However, the HC concentration difference increases as throttle opening and engine speed increase. Fig. 5(b) presents the CO concentrations in the emission of the engine with and without syngas for various operating conditions. It is also found that the CO concentration decreases with engine burnt gasoline mixed with syngas for all operating conditions. Obviously, it is clearly seen that the concentration difference of CO between gasoline with and without syngas for lower throttle opening is insignificant. As the throttle opening increases, the concentration difference between them becomes larger. The emissions of engine burnt with gasoline mixed with syngas do show combustion improvement from Fig. 5(a) and 5(b) . The CO 2 and NO x concentrations are also measured from the experiments. Their results are presented in Fig. 5 (c) and 5(d) respectively. It is evident that CO 2 concentrations in the emission of gasoline mixed with syngas are always less those without syngas for various engine operating conditions. This indicates that the gasoline consumption rate is less for engine with low temperature plasma reformer. It is also found in Fig. 5(d) that NO x concentrations in the emission of gasoline with syngas are always higher than those without syngas. This is due to higher combustion temperature of hydrogen in the engine, resulting higher production of NO x .
